The long arm of barley chromosome 3 can be divided into four segments by three C-band locations. From the centromere the segments comprise 4 per cent, 26 per cent, 34 per cent, and 36 per cent of the arm length. The segregation of 114 F2-plants showed a 1:2: 1-ratio for C-bands at the three locations. No recombination was observed between the two proximal C-band locations whereas the two distal locations recombined with a frequency of 12±2 per cent. The three C-band locations were linked with loci cer-zd, uz, and cer-zn, but not with the tightly linked loci Est-1 and Est-4. The order of and distance (in per cent rec.) among the three cytological markers and the three marker gene loci were: 3l1-<1 per cent -312-2± 1 per cent-cer-zd-2±1 per cent-uz -8±2 per cent-313-16±3 per cent-cer-zn. A comparison of cytological distances and linkage values suggests that recombination is virtually confined to the distal half of this chromosome arm. In addition, C-bands at one location on chromosomes 6 and 7, respectively, segregated in 1 :2: 1-ratios. The C-band location on chromosome 6 and the Amy-i locus were linked with a recombination percentage of 23 3 per cent. The usefulness of multiple marker stocks is discussed.
INTRODUCTION
BARLEY has a low level of chiasma formation in proximal parts of most chromosome arms (Gale and Rees, 1971; Rick, 1971) . Thus, as in other organisms, inconsistencies probably exist between the "genetic" positions of gene loci as indicated on linkage maps and their actual physical or "cytological" positions on the chromosomes. Until recently, it was difficult to compare "genetic" and "cytological" positions in barley, since the only accurately localized cytological markers were the primary and secondary constrictions and a few translocation breakpoints (Hagberg et al., 1975 (Hagberg et al., , 1978 . However, chromosome banding techniques have revealed a number of bands allowing the identification of the chromosomes by their banding patterns and showing sufficient band heteromorphism to warrant their utilization in cytogenetic studies (for references see Linde-Laursen, 1981 ). The present investigation was undertaken (a) to compare the "cytological" and the "genetic" positions of three C-band locations on the long arm of chromosome 3, and (b) to locate the three band locations relative to five marker gene loci on the linkage map of the same chromosome arm.
MATERIALS AND METHODS
The 114 F2-plants of cultivated barley, Hordeum vulgare L., were derived from 115 seeds sown from reciprocal crosses between the Danish variety 'Tystofte Prentice' and a multiple marker stock. The 10 F1 plants involved were grown in a growth room with alternating periods of light (30,000 lux, 18 h, about 2 1°C) and darkness (6 h, about 14°C). The two parental lines were differentiated by C-bands at five locations and by genes at six loci (table 1; figs. 1 and 2). The bands were designated as previously described (Linde-Laursen, 1979 ). The three loci cer(eceriferum)-zd, uz (semibrachytic or uzu), and cer-zn are linked in this order with cer-zd in the centromere area on the long arm of chromosome 3. Genes uz and cer-zn244 were indicated as linked with C-band 313 + (cf. fig. 1 ) as the markers had been retained together in the marker gene stock through six backcrosses. The tightly linked loci, Est-1 (esterase isoenzyme) and Est-4, both with co-dominant alleles, are distally located on the long arm of chromosome 3 (Nielsen and Hvid, 1976) . The Amy-i (a-amylase isoenzyme) locus, also with co-dominant alleles, is located on the long arm of chromosome 6. 
Est4Su
Est4At Hvid and Nielsen, 1977 6 Amy lBi Amy iKe Nielsen and Frydenberg, 1974 The C-banding and isoenzyme techniques described by Linde-Laursen (1975 , 1978 , Frydenberg et at. (1969), and Hvid and Nielsen (1977) , respectively, were used. Linkage was estimated in two-point tests by the method of maximum likelihood. A x2-value was calculated to test the two-point segregations at the recombination frequency estimated. Threepoint tests are strongly advocated by many and were also calculated, but they gave no more information than the two-point ones (cf. Jensen, 1981) .
The C-banded karyotype of each F2-plant was based on the banding patterns in at least four metaphases from two root tips. The four distances from the centromere as calculated from the proximal boundary of C-band 311+, the midpoints of C-bands 311+, 312+ and 313+, and the arm end were measured to the nearest 05 mm with a ruler from sketches of 23 specimens of chromosome 3 of the variety 'Montcalm' drawn after projections of photographic negatives (ultimate magnification x 14,250). The distance to the centromere is approximate since it does not include the small non-C-banding segment at the centromere (cf. fig. 1 ).
RESULTS (i) Linkage relationships
The results of the reciprocal crosses were combined because no statistically significant difference was detected. The particulars of the segregations of the C-bands and the genes at loci cer-zd, uz, and cer-zn on chromosome 3 are given in table 2. The C-bands at the five C-band locations and the alleles at the six marker gene loci segregated according to the expected 1:2: 1 ratio (table 3\•   TABLE   2 C-bands and (a) C-bands on chromosome 3
The "cytological" distances separating the centromere, the three C-band locations, and the end of the long arm of chromosome 3 were 03 O•02 Jim, No recombinant involving C-bands at the two proximal locations on chromosome 3 was found (table 4, cross 1) although their "cytological" distance equals about one-fourth the length of the chromosome arm. This agrees with the results of a former experiment (Linde-Laursen, 1979) . By adding the results of the experiment to those of the present one, the upper limit of the recombination frequency between the two C-band locations was estimated to be less than 1 per cent at the 95 per cent significance level.
TABLE 4
Recombination frequencies for C-bands and marker genes on barley chromosomes 3 and 6 based on F2-genotypes from the cross 'Tystofte Prentice' (311-, 312+, 313-, Cer-zd, Uz, Cer-zn, EstlPr, Est4Su, AmylBi) X markerstock (3 11+, 312-, 3 13+, cer-zd67, uz, cer-zn244, EstiCa, Est4At, AmylKe) The recombination frequency between the C-bands at 312 and 3l3 ( fig.  1 ) was only 123 2 17 per cent (table 4, cross 4) although their "cytological" distance is about one-third the length of the chromosome arm ( fig.  3 ). In this two-point test C-banding made it possible to separate the double heterozygous type (AaBb) into two, viz, that derived from non-crossover gametes (AB/ab) and that derived from crossover gametes (Ab/aB). The recombination frequency between loci cer-zd and uz (table 4, cross 6) was significantly smaller than that (12'S cm -1 2'2 per cent) reported by Søgaard (1977) whereas the recombination frequencies between loci uz and cer-zn (table 4, cross 10) and between loci cer-zd and cer-zn (cross 8) agreed with her values (17.2 cm -166 per cent and 29'7 cm -26'6 per cent). The size of the three recombination frequencies is in accordance with the order cer-zd, uz, cer-zn of the three loci.
No recombinant involving genes at loci Est-1 and Est-4 was observed (table 4, cross 14) testifying to their close linkage (cf. Hvid and Nielsen, 1977) . Based on the present material the recombination frequency was estimated to be less than 26 per cent at the 95 per cent significance level. In agreement with their distal location (Nielsen and Hvid, 1976) , the two esterase loci had high recombination frequencies with all C-band locations and all other loci on chromosome 3 (table 4, crosses 12 and 13).
(c) C-bands and marker gene loci on chromosome 3 "Cytological" distances among C-bands and recombination frequencies among C-bands, marker gene loci, and C-bands and marker gene loci, respectively, show (table 4, fig. 3 ) (a) that C-bands and loci cer-zd, uz, and cer-zn are linked, but that none of these markers is linked with loci Est-1 and Est-4, (b) that the most likely order of the markers is 311, 312, cer-zd, uz, 313, cer-zn, but that the size of the standard deviations indicates that the order of C-band location 313 and the marker gene loci remains uncertain, and (c) that the genetic distances among the markers is: 311 -312< 1 per cent, 312-cer-zd 24 1O7 per cent (table 4, cross 2), cer-zduz 2•4± 1•07 per cent (cross 6), uz -313 77± 191 per cent (cross 9), and 313-cer-zn 163±281 per cent (cross ii).
Only one F2-plant had a type (indicated by an asterisk in table 2) suggesting that on one chromosome 3 there had been a double-crossover, viz, one crossover between uz and C-band location 313 and one between 313 and locus cer-zn. The coefficient of coincidence was O38 agreeing with previous results based on recombinations among the three loci: cer-zd, uz, and cer-zn (Søgaard 1977) . Although the number of expected plants in many cases was too low to calculate a correctly distributed x2-value, x2-values were calculated to test the two-gene ratios expected at the recoinbination frequencies estimated (table 4) . In two of the two-point tests with low recombination frequencies (crosses 2 and 3) high x2-values were obtained, suggesting some deviation from the expected segregation.
(d) C-bands and locus Amy-i on chromosome 6
The centromeric C-bands at location 6s 1 in the short arm of chromosome 6 ( fig. 1) 
Discussion
The results of the experiment clearly show that in barley C-bands may be used as genetic markers thereby rendering it possible to locate C-bands on the genetic chromosome map and to place genes on the "cytological" map. Further, they illustrate that recombination may take place at different frequencies in different segments of the barley chromosomes (cf. fig. 3 ).
The part of the long arm of chromosome 3 covered by the three C-band locations comprises nearly two-thirds of the "cytological" arm length, but only a genetic length of about 12 cm. As the "cytological" length of the whole arm equals those of the long arms of chromosomes 5 and 7 it may be assumed that all three arms have similar genetic lengths, viz, about 100 cm (Jensen, 1980 (Jensen, , 1981 . In combination, these things suggest (a) that as in many other organisms, crossing-over and recombination are virtually confined to the distal half of this chromosome arm, and (b) that the centromeric area on the linkage map corresponds to a major part of the proximal chromosome segment on the "cytological" map. In accordance with this, linkage studies using translocations place locus cer-zd in "the centromere area" and locus ert-c, closely linked with, but distal to, cer-zd (Søgaard, 1977) , "near the centromere" (Persson, 1969a, b) .
The large difference between the recombination frequencies between loci cer-zd and uz as observed in this study and by Søgaard (1977) can hardly be reconciled. A possible cause of the difference might be a structural difference between the chromosomes of the plants of the marker gene stocks used.
The one-and two-point tests comprising the linked markers on chromosome 3 indicated a clear deficit of heterozygotes, a clear surplus of homozygotes having a genotype similar to that of the parent 'Tystofte Prentice' (cf. tables 1 and 3), and in some combinations a small deficit of the other parental type. The skewed segregation for these genes contrasts with that for the other markers (table 3) . This suggests the existence of a factor on the chromosome 3 segment carrying the genes cer-zd67, uz, and cer-zn244 which affects this; it might be the cause also of the chiorina phenotype observed among some F2-offspring, and of the sterility observed in some F2-plants.
The skewed F2-segregations show that multiple marker stocks may not always be as useful in genetic studies as expected. Firstly, markers, especially induced ones, often have smaller or larger deleterious effects on plant vigour that may be enhanced when the markers are combined. Secondly, the chromosome segment between linked markers may continue to carry unobserved additional characters even through a number of backcrosses because the segment is selected as a whole. After combination such characters may become exposed.
In spite of foreseen difficulties in classifying the F2-plants by their C-banding patterns (Linde-Laursen, 1979 ) the variation in size and position of the C-band variants used was sufficient for a safe identification, indicating the value of some C-bands as cytogenetic markers. However, the limited variation in size of C-bands at most hitherto identified locations, combined with the mostly proximal positions of the latter that place them in areas in which recombination normally seems to be absent, restricts their usefulness for barley cytogenetics. More C-band variation is present in the wild barley, Hordeum vulgare L. ssp. spontaneum (C. Koch) Thell. (LindeLaursen, 1981) but the exploitation of this variation will demand its incorporation into the genome of cultivated barley.
